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ABSTRACT

In plasmonic metals, surface plasmon resonance decays and generates hot electrons and hot holes through non-radiative Landau damping.
These hot carriers are highly energetic, which can be modulated by the plasmonic material, size, shape, and surrounding dielectric medium.
A plasmonic metal nanostructure, which can absorb incident light in an extended spectral range and transfer the absorbed light energy to
adjacent molecules or semiconductors, functions as a “plasmonic photosensitizer.” This article deals with the generation, emission, transfer,
and energetics of plasmonic hot carriers. It also describes the mechanisms of hot electron transfer from the plasmonic metal to the surface
adsorbates or to the adjacent semiconductors. In addition, this article highlights the applications of plasmonic hot electrons in photodetectors, photocatalysts, photoelectrochemical cells, photovoltaics, biosensors, and chemical sensors. It discusses the applications and the design
principles of plasmonic materials and devices.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0005334., s

I. INTRODUCTION
The term “hot carriers” defines the charge carriers (electrons
and holes) in a non-equilibrium state with larger energy than in the
thermal equilibrium state. Generally, high temperature, light (ultraviolet light, typically), and high electric fields excite or extract hot
carriers. In contrast, surface plasmon resonance (SPR) is unique
to excite hot carriers. In properly designed nanostructures of metals (typically Au, Ag, and Cu), free electrons will oscillate collectively if the incident light matches the resonant frequency of the
collective electrons, known as SPR, including localized surface plasmon resonance (LSPR) and surface plasmon polaritons (SPPs). The
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collective oscillation, which is called plasmon, dephases quickly,
releasing the energy stored in the plasmon through (i) far-field light
scattering (radiatively), (ii) near-field electromagnetic field enhancement (non-radiatively), (iii) hot carrier generation, and (iv) plasmonic heat effects. The branching ratio of these processes depends
on the size, shape, and local media surrounding the plasmonic metal
nanostructures. Each of these energy transfer processes can be used
for a specific application. Some review articles have dealt with the
plasmonic applications in enhanced light trapping from the farfield radiation effect,1,2 surface-enhanced Raman scattering (SERS)
or enhanced infrared absorption from the near-field enhancement effect,3,4 water steam generation (seawater desalination),
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cancer therapy from plasmonic heat effect,5–7 photodetection,8 photovoltaics,9 photocatalysis, and photochemistry.10–13 This review
article attempts to present the perspective and the correlations of
three application fields of plasmonic hot electrons—sensing, photodetection, and solar energy conversion.
This review article deals with plasmonic hot carriers, which
are generated in plasmonic metal nanostructures under illumination of visible- or infrared-light.14,15 Both hot electrons and hot
holes are involved in interesting physical or chemical processes.
Since holes are paired with electrons and hot electrons are much
easier to measure than hot holes, previous research was predominantly focused on hot electrons, while there are a few reports on
hot holes. However, hot holes are attracting increasing interest in
research.16–18 This review is focused on the applications of plasmonic
hot electrons in sensing, photodetection, and solar energy conversion. The general design principle for each application is summarized and explained with a few typical examples. In order to better
understand the applications, the processes of plasmonic hot electron
generation, decay, and transfer are presented briefly. The analytical techniques for characterization of plasmonic hot electrons are
introduced herein. In particular, plasmonic hot electrons are abundant and have high energy levels but short-lived. These unique features bring new opportunities to applications, accompanied by new
challenges.
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II. GENERATION AND EXTRACTION OF PLASMONIC
HOT CARRIERS
A. Generation and timescale of hot carriers
in metallic nanostructures
For an isolated metal nanostructure under light illumination,
excitation of SPR results in light collection from an area much
larger than its geometrical cross-sectional area [Fig. 1(a)].19 Subsequently, the plasmon (coherent electron oscillations) can dephase
non-radiatively through Landau damping, generating hot electron–
hole pairs at the timescale of 1–100 fs [Fig. 1(b)].20,21 The electrons
from the occupied energy levels are excited above the Fermi energy,
̵ LSPR , where EF and hω
̵ LSPR
reaching the energetic level of EF + hω
refer to the Fermi level and LSPR energy, respectively. These high
energetic hot electrons will quickly transfer their energy to the thermal equilibrium electrons, which leads to the deviation from the
equilibrium level and the in-turn effect on hot electrons. Meanwhile,
the generated hot electrons redistribute their energy to the lowerenergy electrons.22,23 In other words, multiplication of hot electrons
takes place via the electron–electron scattering processes, resulting
in the energy loss of partial hot electrons.24 The percentage and population of hot carriers among the whole charge carriers depend on
the electronic structure of metal nanostructures and incident photon energy.25,26 At the timescale of 100 fs to 1 ps, hot carriers are

FIG. 1. Excitation and dephasing of a plasmon in metal nanoparticles. (a) Excitation of a localized surface plasmon enhances light absorption. (b) Generation and multiplication
of hot carriers in 1–100 fs through Landau damping. (c) Hot carriers redistribute their energy into the Fermi–Dirac-like distribution at the timescale of 100 fs to 1 ps due to
the electron–electron interaction. (d) Heat is released to the surroundings via thermal conduction in 100 ps to 10 ns. Note that the gray area represents the population of the
electronic states; hot electrons and hot holes are represented by the red and blue area, respectively. Reproduced with permission from Brongersma et al., Nat. Nanotechnol.
10, 25 (2015). Copyright 2015, Macmillan Publishers Limited.
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finally thermalized to a Fermi–Dirac-like distribution [Fig. 1(c)].27,28
With a change in the velocity of partial electrons due to the electron–
electron interaction, the interactions with phonons increase. The
interaction between the hot electrons and phonons continues over a
longer timescale of several picoseconds, which will result in a quasiequilibrium state between the electron system and the phonon system, elevating the lattice temperature.13,28 Finally, heat is transferred
to the surroundings of the metal structure at the timescale of 100 ps
to 10 ns [Fig. 1(d)].
B. Hot electron transfer
When adsorbate molecules or semiconductors are directly
attached to a metal nanostructure, hot electrons can be captured
and extracted to the adsorbates or semiconductors before thermalization into heat. This provides a new photoconversion route for
photochemistry, photovoltaics, photodetection, and sensing.10,29,30
In general, there are two pathways for hot electron transfer, indirect
transfer and direct transfer.10,31 In the indirect transfer process,32,33
hot electrons are first generated in the plasmonic metal, and some of
them transfer to either the adsorbate or the semiconductor. Owing
to rapid relaxation via electron–electron scattering, only a very
small fraction of plasmonic hot electrons with high potential energy,
which are able to overcome the energy barrier at the interface, can be
involved into the indirect transfer process. The hot electron injection
process is competing with the electron–electron scattering process.
This is one of the reasons that the indirect transfer process exhibits
a very low efficiency (typically <2%). Another reason is that the back
transfer of electrons may take place at the interface, especially in the
case of a low energy barrier height. For the direct hot-electron transfer process,34–36 the presence of suitable empty hybridized orbitals
resulting from the strong interaction of the metal with the adsorbate molecules or closely contacted semiconductors facilitates the
direct generation of hot electrons in the empty hybridized orbitals
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during dephasing of plasmon. Compared to the indirect electron
transfer, the direct transfer process has higher transfer efficiency
and lower energy loss. This is because the indirect transfer pathway suffers from a lot of energy loss in the electron–electron and
electron–phonon scattering before transferring and in the hot electron injection across the heterojunction interface. However, in the
direct electron transfer pathway, hot electrons are directly generated in the hybridized orbitals due to Landau damping, which avoids
the electron–electron scattering in the metal and energy loss during
the injection process across the interface. After injection, hot electrons will interact with the semiconductor or adsorbates and/or back
transfer to the metal, which competes with the hot electron transfer
processes, creating a barrier for an efficient utilization of plasmonic
hot electrons.
1. Metal–adsorbate complexes
Calculation and experiments reveal that two significant
Raman peaks of p-aminothiophenol (p-ATP) on the nanostructured Au or Ag substrates appeared under laser excitation,
which was due to the formation of a new chemical species,
p,p′ -dimercaptoazobenzene (DMAB), by coupling of adjacent
p-ATP molecules.29,37–39 This gave direct evidence of hot electroninduced chemical transformation on plasmonic metal nanoparticles
(NPs).
The two-step indirect transfer is considered to be one of the
pathways for the hot electron-driven chemical reaction [Fig. 2(a)].
It assumes that hot electrons are first generated within metal
nanoparticles resulting from Landau damping. Subsequently, hot
electrons with suitable energy can transfer into the lowest unoccupied molecular orbitals (LUMOs) of adsorbates across the interfacial barrier, followed by the thermalization process (interaction
with the adsorbates).40,41 In this case, the hot electron transfer efficiency is dependent on the incident photon energy, the interface
of the metal/adsorbate molecules, the density of states of the metal

FIG. 2. Plasmonic hot electron transfer
pathways from a metal to an adsorbate
or a semiconductor. (a) Indirect and (b)
direct transfer from a metal to an adsorbate. (c) Indirect and (d) direct transfer from a metal to a semiconductor.
Adapted with permission from N. Wu,
Nanoscale 10, 2679 (2018). Copyright
2018, The Royal Society of Chemistry.
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nanostructures, and the energy of the LUMO (i.e., the plasmonic
energetic level is higher than the LUMO of adsorbates). Since hot
electrons are excited in the metal and then transferred out, the
optimum efficiency for hot electron transfer occurs when the incident wavelength matches the peak wavelength of the SPR of metal
nanostructures.
Recently, theory and experiments revealed that the timescale
for hot electron generation and transfer from the metal to adsorbed
molecules was, in some cases, much shorter than that expected with
the indirect transfer mechanism (Fig. 3).34–36 This has aroused an
interest in the direct electron transfer pathway originating from the
chemical interface damping (CID) [Fig. 2(b)]. The strong interaction of the metal and the adsorbates results in orbital hybridization.
With the suitable orbital overlap, the plasmon excited by light illumination will directly dephase, generating hot electrons in the empty
hybridized orbitals on the adsorbate side. Because there are neither
electron–electron scattering nor energy losses due to interface injection, the theoretical maximum efficiency is much higher than that
of the indirect transfer process. The optimum efficiency is achieved
when the light wavelength meets two conditions simultaneously: (i)
the incident light wavelength can excite the SPR and (ii) the energetic
level of the SPR is powerful enough to induce the HOMO–LUMO
transition of the hybridized surface states.42
In this case, compared to the conventional electron–electron
scattering and electron–phonon scattering in metals, a new thermalization pathway is revealed in the metal/adsorbate hybrid system known as chemical interface scattering (CIS).43–45 Hot electrons transiently transfer into the adsorbates and transfer back into
the metal, leaving a portion of energy in the adsorbates. This process occurs repeatedly, resulting in accumulation of energy within
the adsorbates and activating the adsorbates. Such a cycling process can effectively extend the lifetime of hot electrons (∼10 ps),
as shown in Fig. 3. This is obviously beneficial to photochemical
reactions.
2. Metal–semiconductor heterojunctions
A plasmonic metal was used for enhancing the photoelectrochemical activity in the 1990s.46,47 The direct evidence of plasmonic
hot electron injection to a semiconductor was demonstrated in
the 2000s.32,33,48,49 There are also two different routes for the hot
electron transfer in the metal/semiconductor system. As shown in
Fig. 2(c), hot carriers are first generated in the metal through plasmonic dephasing, and then the hot electrons with sufficient energy
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can overcome the Schottky barriers at the metal/semiconductor
and enter the conduction band (CB) of the semiconductor. Recent
studies have revealed that the hot electron injection is strongly
dependent on the LSPR energy with respect to the Schottky barrier height.50–54 The plasmonic hot electron injection occurs only
when the LSPR energy is sufficient for overcoming the Schottky
barrier. If the Schottky barrier is too high, only a small portion
of hot electrons have sufficient energy to overcome it. However, if
the Schottky barrier is too low or absent, the hot electrons, which
had been injected into the semiconductor CB, will quickly transfer back to the metal.11 In addition, the electron transfer efficiency
is dependent on the quality of interface (i.e., defects, the interaction between the metal and semiconductor) and the incident light
energy. The maximum theoretical efficiency for an indirect hotelectron transfer to a semiconductor is calculated as 8%.41,55 However, the experiment-realized efficiency is much lower than this,
typically <2%.30,56–62
The hot electron transfer timescale for an Au/TiO2 heterostructure was demonstrated to be less than 50 fs by transient absorption
spectroscopy.50–54 This was much faster than that expected in the
indirect transfer mechanism (Fig. 3). Based on the timescale and
energy transfer efficiency, a direct transfer mechanism was proposed
and confirmed experimentally,63,64 which was analogous to the CID
process in the metal/adsorbate case. In this model, the plasmonic
dephasing in metal/semiconductor heterostructures directly excites
electrons to the empty hybridized states, which are centered in the
semiconductor with holes left in the occupied hybridized states,
which are centered in the metal [Fig. 2(d)].
C. Energetic distribution of hot carriers
The energy distribution of plasmonic hot carriers is narrowband and strongly dependent on the metal, particle size, geometry,
medium, and carrier lifetime.20,25,26,41,65–70 Since the lifetime of hot
carriers is very short, these dependences are revealed by theoretical
simulation originally. There is a strong reason to develop accurate
experimental techniques with high time solution.
Small plasmonic nanoparticles are more efficient for hot carrier generation than the larger nanoparticles. Nordlander et al. calculated the energy distribution of hot carriers in Ag nanoparticles
(NPs).26 The results revealed that larger Ag NPs had a higher production rate of hot carriers but with a lower carrier energy [Fig. 4(a)].
Meanwhile, the lifetime of hot carriers also strongly affects the

FIG. 3. Timescales of different plasmonic
hot carrier injection cases. Note that e
stands for the electron. Adapted with permission from Zhang et al. Chem. Rev.
118, 2927 (2018). Copyright 2017, American Chemical Society.
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FIG. 4. Factors governing hot carrier energetic distribution. (a) The distribution of hot electrons (red) and hot holes (blue) with different lifetimes ranging from 0.05 ps to
1 ps in Ag nanoparticles of 15 nm and 25 nm. Adapted with permission from Manjavacas et al., ACS Nano 8, 7630 (2014). Copyright 2014, American Chemical Society. (b)
Comparison of influences of resistive, geometry-assisted, phonon-assisted, and direct-transition on the absorption for Au spheres of 40 nm, 20 nm, or 10 nm in diameter and
films. Adapted with permission from Brown et al., ACS Nano 10, 957 (2016). Copyright 2016, American Chemical Society. (c) Hot carrier energy and (d) momentum–direction
distributions for Al, Ag, Cu, and Au. Adapted with permission from Sundararaman et al., Nat. Commun. 5, 5788 (2014). Copyright 2014; licensed under a Creative Commons
Attribution (CC BY) license.

energy distribution of hot carriers. For longer lifetimes, plasmon
decay results in highly energetic hot carriers, whereas for shorter carrier lifetimes, the energy is closer to the Fermi energy of the metal
(very low energy). The geometry, including the shape and aspect
ratio, also significantly affects the generation and ejection of hot carriers due to carrier confinement and surface scattering effects.68,71
The same conclusion was demonstrated by Brown et al.,65 showing the influence of phonon, geometry, and classic resistive effects
with the Au nanoparticles [Fig. 4(b)]. Obviously, the energy distribution of hot carriers is highly dependent on the size of plasmonic
nanoparticles. Different plasmonic metals with different electronic
band structures have a diverse energy distribution. Atwater et al.
revealed that Au and Cu produced holes with a higher energy of
1–2 eV than electrons, while Ag and Al have equal energy for both
electrons and holes [Fig. 4(c)].69,70 They also found the momentum–
direction distributions for hot carriers that were anisotropic
[Fig. 4(d)].
It is important to understand the energetic distribution of hot
carriers in the plasmonic metal itself. It is also essential to clarify
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the energetic distribution of hot carriers after they are transferred
from the plasmonic metal to the surface adsorbates or to the adjacent semiconductors. In conventional organic dye- or quantum
dot-sensitized semiconductors, the electrons are quickly thermalized to the conduction band edge of the semiconductor after the
photo-excited electrons are transferred from the organic dye (or
quantum dot) to the semiconductor. That is, the transferred electrons exhibit a thermal distribution in energetics. In contrast, in
plasmonic metal–semiconductor heterojunctions, the transferred
electrons in the semiconductor show a non-thermalized distribution in energetics after plasmonic hot electrons are injected from
the metal to the conduction band of the semiconductor if the
semiconductor layer is thin.72 That is, the plasmonic hot electrons transferred to the semiconductor are still “hot.” This indicates
that the plasmon-sensitized semiconductor could show a higher
open voltage for photovoltaics and a larger thermodynamic driving force for photocatalytic reactions, as compared to the conventional organic dye- or quantum dot-sensitized semiconductors. The
non-thermalized distribution of the transferred hot electrons in the
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semiconductor can be tuned by the shape of the plasmonic
metal nanostructure.72 Among three types of Au@TiO2 core–shell
nanoparticles with nanospheres, nanorods, and nanostars as the
cores, more hot electrons are distributed at relatively high energetic
levels for Au nanostar@TiO2 and Au nanorod@TiO2 .
D. Analytical tools for hot carrier characterization
It is important to experimentally track the excitation and
dephase of plasmon in a time-resolved manner. However, the excitation and collective behaviors of plasmon under a pulsed light excitation are extremely fast (typically less than 10 fs), which made it
almost impossible to be measured with the state-of-the-art analytical techniques. Current transient absorption spectroscopy (TAS)
generally exhibits a time solution of ∼30 fs, which enables tracking the late-stage dephase of plasmon and the hot electron transfer
from the metal to the semiconductor (or adsorbate). In addition,
x-ray absorption near edge structure (XANES) provides an effective tool for measuring the energetic level of plasmonic hot electrons. Currently, TAS and XANES are two major analytical tools for
characterization of plasmonic hot electrons.
1. X-ray absorption near edge structure (XANES)
spectroscopy
X-ray absorption spectroscopy (XAS) is a powerful analytic tool
for characterizing the electronic, structural, and magnetic properties of materials with not only high crystallinities but also short-term
ordered or even amorphous structures. XANES utilizes synchrotron
x-ray radiation as the excitation source, exhibiting high intensity,
continuous spectrum, excellent collimation, and tiny probe size. The
core electrons are excited to the unoccupied electronic states within
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the analyte. As such, the absorption edge corresponds to the binding
energy of a core-level state that is characteristic of the energetics and
chemical shift.
The CB of various semiconductor materials is composed of
different orbitals. For instance, the CB of wurtzite ZnO mainly comprises the Zn 4s and 4p states.73 The CB of rutile TiO2 is dominant
by the Ti 3d orbitals.74 The absorption edges in XANES spectra can
be used to investigate the electronic transition from the core levels
to the CB of semiconductors. The Ti L-edge absorption can be used
to resolve the CB of TiO2 since the excitation involves the 2p and
3d orbitals. In contrast, the details of CB in ZnO can be revealed
by the Zn K-edge absorption, which is attributed to the electronic
transition from the 1s to 4p states. Moreover, the XANES intensity
is related to the electron occupancy of CB in the semiconductors.
Thus, the population of hot electron injection to the semiconductor from the plasmonic metal can be characterized by XANES, as
illustrated in Fig. 5(a).
Amidani et al. prepared pure and N-doped TiO2 , which were
decorated with Au-NPs with an LSPR band at ∼550 nm.75 The preedge region of Ti K-edge absorption spectra of the TiO2 /Au and
N–TiO2 /Au powder obtained under irradiation of a 532 nm laser
was different from those in the dark. Pure TiO2 cannot be excited
by the 532 nm laser due to a large bandgap, while N–TiO2 was
able to be slightly excited by a 532 nm laser because its band structure was altered by N doping. However, the shape and amplitude
of the laser on/off spectral differences for TiO2 /Au and N–TiO2 /Au
powders were analogous. The change in the Ti K-edge absorption
spectrum induced by the 532 nm laser did not result from the
plasmon-induced resonance energy transfer (PIRET), which would
be energetically allowed only for N–TiO2 /Au, but not for TiO2 /Au.
Hence, hot electron injection from the Au-NPs to the CB of TiO2

FIG. 5. (a) Schematic illustration of
XANES measurements of plasmonic hot
carriers. The injection of plasmonic hot
electrons alters the CB state density of
the semiconductor, altering the amplitude of the absorption edge. (b) Ti Ledge XANES spectra for the Au@TiO2
core–shell nanoparticles in the dark
and under visible-light illumination (plasmonic excitation). (c) The differential
absorption of Ti L-edge XANES spectra
for Au nanostar@TiO2 , combined with
the theoretical predictions. Adapted with
permission from Cushing et al., ACS
Nano 12, 7117 (2018). Copyright 2018,
American Chemical Society.
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was believed to cause its electronic transition difference. Therefore,
Hung et al. investigated the plasmonic effect on the CB of TiO2
nanorods (TiNR) using the Ti L-edge XANES spectra since the
electrons in the 2p orbitals are excited to the 3d states.74 As compared to the dark condition of TiNR–Au, a positive variation was
shown under visible light irradiation. Electromagnetic fields of plasmonic Au significantly induced the vacancies in the CB of TiNR and
enhanced the possibility of Ti L-edge excitation. However, further
modifying IrOx on the Au surface provided a considerably opposite
behavior, as compared with TiNR–Au. The Ti L-edge peak intensity of TiNR–Au–IrOx was reduced under visible light irradiation.
This observation suggests that the hot holes rapidly transferred from
Au to IrOx by accelerating the kinetics of hot holes, improving the
separation of hot carriers. The increased amount of hot electrons
injected into the CB of TiNR resulted in a decrease in the Ti Ledge excitation intensity. By modifying IrOx on the Au surface, the
recombination of hot carriers was suppressed, leading to a hot electron injection-dominated CB nature of TiNR rather than a plasmoninduced electromagnetic field variation. Recently, XANES measurement was performed to study the energetics of the hot electrons in
TiO2 injected from Au in the Au@TiO2 core–shell nanoparticles
[Fig. 5(b)].72 The experimental results combined with the theoretical predictions show that plasmonic hot electrons exhibited a nonthermalized distribution in TiO2 after they transferred to TiO2 from
Au, as shown in Fig. 5(c). Furthermore, the energetic distribution of
the injected hot electron in TiO2 was dependent on the shape of the
Au core.
2. Transient absorption spectroscopy (TAS)
Understanding the kinetics of the generation and transfer of
plasmonic hot carriers is very important in designing plasmonic
materials and devices. The generation of plasmonic hot carriers and
energy relaxation through electron–electron and electron–phonon
scattering in metals all occur on a timescale of several femtoseconds
to picoseconds.76 Additionally, the plasmonic hot electron injection from the metals into the neighboring semiconductors or adsorbates is also very fast, typically at the sub-picosecond timescale.
Ultra-fast time-resolved pump–probe measurements, such as transient absorption spectroscopy (TAS), can be used to analyze the
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lifetime or kinetics of hot carriers in plasmonic materials.50,52 In TAS
[Fig. 6(a)], electrons of the sample are promoted to an excited state
via a pump pulse. A second pulse with a weaker intensity (white or
monochromatic light), functioned as a probe, penetrates through
the analyte with a time delay (τ1 ), as compared with the pump
pulse. The absorption difference between the ground and excited
states of the analyte will occur because of a change in the carrier
population resulting from the excitation or the transfer of hot electron. This absorption difference is recorded with the various time
delays (τ2 , τ3 . . .) in which one can track the charge carrier evolution
with the time [Fig. 6(b)]. Additionally, if one collects the absorption under the same delay time but using the probe pulse with a
continually varied wavelength, a spectrum of absorption (charge
carrier population) with the wavelength can be obtained, which
also provides information on the kinetic process at the timescale of
femtosecond.77,78
As mentioned above, the plasmon is dephased through radiative decay (photon emission) or/and non-radiative decay (Landau
damping). Plasmonic hot electrons are generated by Landau damping (<100 fs). The generated hot electrons with a non-thermal distribution are relaxed to the Fermi electron distribution through several
steps (Figs. 1 and 3):13,28,77 (i) electron–electron scattering during
Landau damping (<100 fs), (ii) continued electron–electron scattering (100 fs–1 ps and transformation of the non-thermal distribution to the thermal distribution), (iii) electron–phonon scattering
(1–10 ps, transfer of energy from electrons to the lattice, and cooling
of hot electrons), and (iv) phonon–phonon interaction (∼100 ps–
10 ns and heat dissipation through the lattice).
The timescale of electron–electron scattering relaxation for
small metal nanoparticles is estimated to be ∼200 fs,21 leading to
the transformation of the non-thermal distribution to the thermal
(Fermi–Dirac) distribution. In the thermal distribution, only a small
portion of electrons are on the high energetic level. Therefore, it is
better to finish the hot electron transfer from a metal to a semiconductor before relaxation to the thermal distribution (Fig. 3). A
recent study shows that the hot electron injection process in the
Au–TiO2 heterojunction becomes inefficient after electron–electron
scattering relaxation (at the timescale of ∼100 fs).50 Furube and coworkers utilized the visible-pump/infrared-probe TAS for resolving

FIG. 6. (a) Schematic illustration of the transient absorption spectroscopy principle. (b) Transient absorption kinetics in a hybrid structure of dye-sensitized TiO2 (N3/TiO2 ),
Au/ZrO2 , and Au/TiO2 . Adapted with permission from Furube et al., J. Am. Chem. Soc. 129, 14852 (2007). Copyright 2007, American Chemical Society.
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the lifetime of charge transfer between Au and TiO2 .50 Their results
indicated that the hot electron injection occurred within 220 fs. After
the indirect transfer in a metal–semiconductor heterojunction, both
the non-thermal distribution and the thermal distribution are possible for the injected electrons in the semiconductor, and non-thermal
distribution can be dominant in many cases.72 On the other hand,
the lifetime of plasmonic hot electrons in the metal alone is very
short. However, after hot electrons are transferred into a semiconductor, their lifetime could be extended due to the reduced electron–
electron and electron–phonon scattering. Naldoni et al. revealed that
the sites of Au-NPs on TiO2 brookite nanorods had a significant
influence on the decay time by TAS.53 In the case of Au-NPs distributed throughout the thickness of the TiO2 thin film, the hot
carrier lifetimes were found to be on the order of a few hundreds
of femtoseconds. The short lifetime was because the Au-NPs served
as the recombination centers for excited carriers. However, in the
case of Au-NPs decorated on the top surface of the TiO2 thin film,
the lifetime of hot electrons was 4 orders of magnitude longer due to
efficient hopping on brookite lateral facets.
III. APPLICATIONS OF PLASMONIC HOT CARRIERS
A. Sensing
Plasmonic hot electrons can bring new effects on physicochemical processes, such as physisorption or chemisorption of chemicals, selective oxidation, and direct reduction of adsorbates. The
interaction can occur directly between a metal and the adsorbed
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molecules or between a metal and an adjacent semiconductor. The
interactions may result in (i) transformation of adsorbates, (ii) fluctuation of hot electron-induced current or conductivity, and (iii)
modification of the SPR-related optical properties (transmittance
and adsorption). By transducing these interactions, various sensors can be designed based on plasmonic hot electrons accordingly.
The plasmon-mediated chemical transformation has been welldemonstrated. Transformation of chemical species could change the
dielectric environment of the plasmonic nanostructures, modulating
the SPR-related optical properties. This, in turn, affects the generation of plasmonic hot electrons. Thus, photoelectric sensors can be
designed.
1. Gas sensors
Generally, resistive gas sensors are designed based on the Schottky junctions in which the resistivity can be modulated either by the
Schottky barrier or by the electron flow across the Schottky barrier.79–84 Taking a hydrogen sensor as an example, Nienhaus et al.
devised a metal–semiconductor Schottky diode for hydrogen detection.79 They fabricated an ultrathin silver film (5 nm thick) that
was comparable in thickness to the mean free path of hot electrons
in n-Si(111), which was used for the selective detection of atomic
hydrogen [Fig. 7(a)]. The hydrogen atoms impinged on the Ag film
and underwent exothermic adsorption, creating hot electrons. The
generated hot electrons then traveled ballistically through the Ag
film and traversed the Schottky barrier into n-Si(111). Hot electrons
were thus detected as a photocurrent, which was proportional to the

FIG. 7. Hydrogen sensors based on plasmonic hot electrons. (a) A H-atom detector based on generating e–h pairs. Photocurrent is proportional to the rate of hydrogen
adsorption. Adapted with permission from Nienhaus et al., Appl. Phys. Lett. 74, 4046 (1999). Copyright 1999 AIP Publishing LLC. (b) A H2 detector based on the change
in transmission intensity. Adapted with permission from Sil et al., ACS Nano 8, 7755 (2014). Copyright 2014, American Chemistry Society. (c) A H2 detector based on the
change in conductivity. Adapted with permission from Cattabiani et al., J. Phys. Chem. C 122, 5026 (2018). Copyright 2018, American Chemical Society.
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hydrogen adsorption rate. The theoretical limit of detection (LOD)
for such a sensor was down to 2 × 1010 H atoms cm−2 s−1 , depending
on the noise level (∼4 pA). This protocol was further utilized for the
detection of hot electron flow with the Pt-loaded Au/TiO2 Schottky
diodes during oxidation of CO and hydrogen.80,81
Halas group also reported that the plasmonic hot electrons
could be transferred from Au-NPs into a Feshbach resonance of
an H2 molecule adsorbed on the Au surface, leading to dissociation of H2 molecules under visible-light excitation at room temperature.85 Following this mechanism, a plasmonic optical hydrogen sensor has been developed.86,87 The hot electrons made the
dissociated hydrogen atoms adsorb and diffuse into the thermally dewetted Au nanohemispheres, leading to the formation of
a metastable Au hydride (AuHx ) with a different dielectric constant from Au [Fig. 7(b)].86 The change in the dielectric constant shifted the LSPR position of the particles and induced a
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∼1%–2% change in optical transmission of the thin film. Cattabiani et al. demonstrated a conductometric H2 sensor at room temperature using the Ag-NPs-decorated SnO2 nanowires [Fig. 7(c)].87
The plasmonic hot electrons from the Ag-NPs promoted the
conversion of the adsorbed O2 − into highly reactive O− , which
enhanced the catalytic dissociation of H2 , leading to an increment in
current.
Similarly, plasmonic hot electrons have been harnessed to dissociate the adsorbed gaseous molecules for the detection of other
gaseous adsorbates, such as ammonia and acetylene. By utilizing an
Au@ZnO-loaded porous silicon film, the photocurrent responded
to a change in the ammonia concentration (down to 50 ppm) at
room temperature.88 Moreover, the Au-decorated ZnO nanowires
as a transducer exhibited a concentration-dependent and timedependent p–n transition response for the detection of C2 H2 gas at
room temperature.83

FIG. 8. Biosensors based on plasmonic hot electrons. (a) A photoelectrochemical aptasensor based on Au/ZnO nano-pencils for BPA detection. The Au/ZnO hybrid structures
were deposited on ITO first. The Au/ZnO/ITO electrode was then functionalized with the aptamer and 6-mercapto-1-hexanol (MCH). The photocurrent was enhanced due
to the plasmonic hot electron injection to ZnO from Au nanoparticles. Once BPA analytes were immobilized onto the photoanode, the photocurrent decreased due to the
blockage of electron transfer. Adapted with permission from Qiao et al., Biosens. Bioelectron. 86, 315 (2016). Copyright 2016, Elsevier. (b) An electrochemical setup of the
plasmon-enhanced glucose sensor. (c) The I–t curves for glucose oxidation in 0.1M NaOH on the AuNPs/GC electrode at 0.3 V (vs Ag|AgCl). (d) A plot of the glucose sensor
with and without LSPR excitation. Adapted with permission from Wang et al., ACS Nano 11, 5897 (2017). Copyright 2017, American Chemistry Society.
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2. Biosensors
Recently, plasmonic hot electrons were employed for biosensing.89–92 One design is the utilization of plasmonic hot electron current as the sensing signal. Adsorption of biomolecules can
modulate the sensing signal by turn on or off the electron-transfer
channel in the circuit. For example, Qiao et al. reported selective detection of bisphenol A (BPA) in drinking water and liquid
milk samples with a label-free photoelectrochemical aptasensor,89 as
illustrated in Fig. 8(a). Under light illumination, the Au/ZnO heterojunction exhibited a higher photocurrent than that of a pure
ZnO nano-pencil, which was induced by plasmonic hot electrons
from the excited Au nanoparticles. Selectivity was achieved by specific binding of BPA to its aptamer. When BPA was present in
the assay, binding of aptamer to Au resulted in the blockage of
photogenerated electron-transfer channels. Such a photoelectrochemical aptasensor showed a linear relationship with the BPA
concentration in the range of 1–1000 nmol L−1 at a limit of detection (LOD) of 0.5 nmol L−1 . In addition, plasmonic hot carriers
can be used for improving the sensitivity of electrochemical sensors. Plasmonic hot carriers can participate in the anodic oxidation
or cathodic reduction, enhancing the electrochemical current. On
the other hand, in the plasmonic metal/semiconductor composite
structure, the plasmonic hot electron injected into the semiconductor from the metal can improve the charge carrier concentration, improving the responsive current of the sensor. For example,
a plasmon-enhanced glucose electrochemical sensor was constructed based on the plasmon-accelerated electrochemical reaction
(PAER) mechanism.91 In this sensor [Fig. 8(b)], the energetic hot
carriers were generated on the Au NP surface. At a suitable voltage, hot holes can be effectively depleted by oxidation of glucose
due to their matched energy levels, which would effectively inhibit
the electron–hole recombination. Thus, the generated hot electrons
would be driven to the external circuit, producing an observable current. Because the PAER system is Schottky-junction-free, the hot
carriers can be harnessed more efficiently, ensuring a higher efficiency toward glucose electro-oxidation. As a result, when LSPR was
excited, the photocurrent increased due to glucose electro-oxidation
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induced by LSPR [Fig. 8(c)]. As a result, this biosensor showed an
improved sensitivity and LOD [Fig. 8(d)].
B. Photodetection
Photodetectors are designed to transform the incident light (in
a specific spectral range) into an electrical signal. The operating
principle is based on the photovoltaic effect or photoconductivity
modulation. In particular, the field-effect transistor (FET) was introduced for highly efficient photodetection. Because photodetectors
are made of semiconductors such as Si, Ge, InGaAs, and PbS, the
sensitive wavelength bandwidth is limited by the fixed bandgap of
the specific semiconductors. To tune or extend the photodetection
spectral range of detectors, hot electrons are utilized to enhance or
generate the internal photoemission in photodetectors.93 In addition, plasmonic hot electrons can be involved into photocurrent to
enhance the photo-response intensity, leading to an improvement in
sensitivity of detectors.
1. Internal photoemission
The Schottky diode and the Metal–Insulator–Metal (MIM)
diode are two common structures used for internal photoemission. In the former structure,94 a Schottky barrier (ΦB ) is formed at
the metal/semiconductor interface. When incident photon’s energy
(E = hν) is larger than the Schottky barrier height, plasmonic hot
electrons can be injected into the semiconductor across the barrier
[Fig. 9(a)], generating a photocurrent. The photodetection limit is
determined not only by the bandgap of semiconductors but also
by the height of the Schottky barrier. Generally, the Schottky barrier height is less than 1 eV, which is determined by the difference
between the work function of the metal and the electron affinity
of the semiconductor.95 Thus, the plasmonic hot electron injection
mechanism can be used to extend the detection bandwidth of the
photodetector. In the MIM structure shown in Fig. 9(b),96,97 the
insulator interlayer is very thin, and hot electrons in the top metal
can tunnel through into the bottom metal via the quantum tunneling
effect and vice versa to produce a photocurrent. By creating asymmetric absorption or asymmetric barrier heights formed by using

FIG. 9. Two types of photodetectors based on internal photoemission. (a) Schottky emission. Adapted with permission from Knight et al., Science 332, 702 (2011). Copyright
2011, American Association for the Advancement of Science. (b) Metal–insulator–metal emission. Adapted with permission from Chalabi et al., Nano Lett. 14, 1374 (2014).
Copyright 2014, American Chemical Society.
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different metals or applying a bias,98 the tunneling current from one
side to the other is thus dominant, leading to a measurable net current. In the MIM model, the insulator layer can be replaced with
a semiconductor layer. In addition, one of the metal layers can be
changed into a transparent conducting oxide layer with a similar
physical working principle to the true MIM case.99–101 However,
the internal quantum efficiency in internal photoemission is very
low, limiting their applications. The low efficiency is ascribed to
the weak light absorption of the metal, which consequently induces
a small quantity of low energy hot electrons, and huge energy
losses for hot electrons during diffusion in the metal and across the
interface.
The energy and momentum distribution of the plasmonic hot
electrons can be tuned by the size, shape, and medium. In this
way, the responsivity peak, bandwidth, and polarization dependence
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of the device based on the plasmonic hot-electron internal photoemission can be tuned by controlling the SPR of the metal
nanostructures.102 By taking advantage of great tunability of plasmon, various photodetectors have been developed based on different plasmonic modes such as LSPR,103–105 SPP excitations,106
grating-coupling,102,107,108 waveguides,109–113 and plasmonic MIM
structure.97,99,114,115
2. LSPR-based Schottky diode photodetector
Plasmonic nanoparticles can serve as light antennas by utilizing LSPR, generating a large number of energetic hot electrons to
enable sub-bandgap photodetection.103,116–118 For example, Knight
et al. demonstrated a photodetector based on an Au nanorod array
as a plasmonic nano-antenna on a silicon substrate with the ability to detect near-infrared light (1.2 μm–2.5 μm) [Fig. 10(a)].103 By

FIG. 10. Internal photoemission photodetector based on plasmonic hot electron transfer. (a) Schematic and SEM of the Au nanorods as the plasmonic nano-antennas on the
silicon substrate. The photocurrent can be modulated by the antenna length. Adapted with permission from Knight et al., Science 332, 702 (2011). Copyright 2011, American
Association for the Advancement of Science. (b) Photocurrent modulated by the height of the Schottky barrier in a porous Ag/TiO2 array detector. Adapted with permission
from Gao et al., Adv. Funct. Mater. 28, 1802288 (2018). Copyright 2018, WILEY-VCH Verlag GmbH & Co. (c) A gold grating on an n-type silicon substrate, achieving linear
modulation of the response peak in a broad wavelength region by tuning the grating parameter. Adapted with permission from Sobhani et al., Nat. Commun. 4, 1643 (2013).
Copyright 2013, Macmillan Publishers Limited. (d) A silicon waveguide-based SPP Schottky photodetector. Adapted with permission from Goykhman et al., Nano Lett. 11,
2219 (2011). Copyright 2011, American Chemical Society. (e) Schematic design of the MIM device. A net photocurrent (Itop − Ibtm ) can be achieved due to the plasmonic hotelectron density difference in the two electrodes. Adapted with permission from F. Wang and N. A. Melosh, Nano Lett. 11, 5426 (2011). Copyright 2011, American Chemical
Society.
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tuning the geometry of the Au nanorods (aspect ratio), the SPR
absorption spectrum and the photoresponsivity can be modulated.
Gao et al. also directly showed that changing the barrier height could
modulate the photocurrent in a porous Ag/TiO2 array-based nearinfrared photodetector [Fig. 10(b)].117 They found that a Schottky
barrier was formed by chemisorbed oxygen and could be reduced
by reducing the amount of chemisorbed oxygen using ultraviolet
(UV) light as the gate input. In this way, the height of the Schottky barrier could be modulated by the extra gate light illumination,
resulting in several to one hundred times enhancement of plasmoninduced photocurrent. Pescaglini et al. reported an Au nanorod–
ZnO nanowire hybrid system, showing a large photoresponse under
light irradiation in the spectral range of 650–850 nm, accompanied by an “ultrafast” transient photoresponse at a timescale of
250 ms.118
3. Plasmonic waveguide-based photodetector
In gratings with periodically spaced slits or a nanohole array,
the incident light can be coupled strongly to SPP, leading to strong
and resonant absorption. The absorption frequency can be modulated by the nanostructure parameters such as the periodicity and
slit dimension. When a grating array is combined with the semiconductor substrate, photocurrent will be generated due to the
SPP-induced hot electron ejection from the metal to semiconductor.102,107,108 For example, Sobhani et al. reported a grating-based
photodetector device,102 consisting of Au gratings on an n-type silicon substrate [Fig. 10(c)]. It showed 0.6 mA W−1 without an external
bias at an internal quantum efficiency of ∼0.2%, which was 20 times
larger than that of the nano-antenna-based device. Additionally, the
wavelength-dependent spectrum was three times narrower than the
nano-antenna-based device. By tuning the grating parameter, it was
easy to linearly tune the responsivity peak between 1295 nm and
1635 nm. This tunability opens up the possibility for the design and
fabrication of the plasmonic detector driven in a narrow bandwidth
of infrared light.
A waveguide-based photodetector design can produce higher
internal quantum efficiency than antenna-based designs.95,109–113
Because SPPs propagate and excite hot electrons along with the
metal/dielectric interface, a shorter diffusion pathway is expected for
hot electron injection into the semiconductor. Moreover, the electric field component of SPPs can be perpendicular to the Schottky
interface. Consequently, the generated hot electrons preferentially
have a momentum component perpendicular to the metal/dielectric
interface, which improves the hot electron transfer probability. For
example, Goykhman et al. reported a silicon waveguide-based SPP
Schottky photodetector [Fig. 10(d)].109 The photodetector was fabricated on an insulator substrate using a self-aligned approach of
local oxidation of silicon. It showed an internal responsivity of 0.25
mA/W and 13.3 mA/W under irradiation at wavelengths of 1.55 μm
and 1.31 μm, respectively.
4. Plasmonic MIM photodetector
In MIM photodetectors, one of the metal layers can be replaced
with a plasmonic metal nanostructure. Plasmonic hot electrons will
be generated and subsequently tunnel across the thin oxide insulator layer to the other metal film to produce a photocurrent. These
detectors can operate without an external bias at room temperature. For example, Melosh et al. presented a simple plasmonic MIM
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device [Figs. 10(e)],97 consisting of three films of Au (35 nm)−Al2 O3
(4 nm)−Au (30 nm). A Kretschmann prism configuration was
applied to couple the incident light to the top electrode, resulting in
asymmetric absorption and abundant hot electrons. These hot electrons tunneled from the top electrode to the bottom. Later, Chalabi
et al. re-shaped the top Au film into a striped antenna to create a
stronger LSPR,114 thus most of the incident light absorbed in the
top electrode. A photocurrent could be measured even without an
external bias.
5. Plasmonic FET photodetector
Recently Kojori et al. reported a plasmon-modulated fieldeffect transistor (FET) photodetector based on a back-gated thin film
transistor with a plasmonic metal nanostructure (Fig. 11).119,120 Plasmonic Au nanoparticles were incorporated into the active channel
of the transistor, consisting of a source, drain, and gate, as shown in
Fig. 11(a). The plasmon-induced hot electrons were injected into the
ZnO film channel, consequently increasing the channel conductivity
and drain current. As a result, the drain current can be modulated
by applying an external electric field and varying the gate voltage
[Fig. 11(b)]. Without a gate voltage bias, only the plasmon-induced
hot electrons, which possess sufficient energy for overcoming the
interfacial Schottky barrier, can be injected into the semiconductor
and collected as the drift current. With a gate voltage bias, an electron accumulation layer (n-channel) was formed inside the semiconductor layer close to the mediator layer. The spatial variation in electron density generated a large potential gradient from the floating
ground (metal nanostructure) to the electron accumulation region.
The internal electric field created by the gate bias facilitated the electrons to move to the other boundary where the FET channel was
located. The migrating hot electrons were driven by the gate voltage,
contributing to the channel enhancement and allowing more drain
current to flow.
C. Solar energy conversion
To address the grand challenges in energy and ecology sustainability,121 increasing efforts are being made to develop photovoltaic
devices, photocatalysts, and photoelectrochemical cells (PECs).122
Although organic perovskites and tandem-structured inorganic III–
V compounds have achieved a high solar conversion efficiency, they
are expensive or/and unstable in operation. Hence, alternative materials such as silicon and metal oxides are still under development for
solar energy devices. These materials cannot meet all the requirements for practical applications due to one or more shortcomings
among large bandgap, low charge mobility, high-density surface trap
states, and indirect bandgap feature. For example, wide bandgap
semiconductors such as TiO2 are stable and inexpensive, but they
can only absorb UV light, which accounts for only ∼5% of solar
radiation.
To extend the light absorption spectral range and to improve
the energy conversion efficiency of semiconductors, plasmonic
metal nanostructures are incorporated with semiconductors to form
heterojunctions. Plasmonic metal nanostructures can adsorb visiblelight or infrared light and transfer plasmonic energy to the semiconductors, enhancing the charge separation and migration in the
semiconductor. As summarized in Ref. 11, the plasmon enhances
photoconversion in a metal–semiconductor heterojunction via three
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FIG. 11. Photodetectors based on the plasmonic FET. (a) Typical structure and operating principle. (b) Thermionic diffusion without a gate bias, while the internal field-assisted
hot electron migration and quantum tunneling at the Schottky junction with a gate voltage bias. (c) Spectral response under different gate voltage biases. The inset shows the
absorption spectrum of Au nanoparticles on a ZnO film/glass substrate with a drain–source bias voltage of 20 V. (d) Spectral response with different drain–source voltages
without a gate voltage bias. Adapted with permission from Kojori et al., Nano Lett. 16, 250 (2016). Copyright 2015, American Chemical Society.

plasmonic energy transfer mechanisms, light scattering/trapping,
plasmon-induced resonance energy transfer (PIRET), and hot electron injection. Wu et al. revealed that the balance between three
mechanisms depends on the plasmon dephase and predicted the
theoretical maximum efficiency of solar energy conversion in plasmonic metal–semiconductor heterojunctions.14,15
If a plasmonic metal nanostructure is utilized to absorb incident
light in an extended spectral range and to transfer the absorbed light
energy to adjacent molecules or semiconductors, this nanostructure
is called “plasmonic photosensitizer.”11,30 This section is focused on
the hot electron injection mechanism and shows how to enhance
photovoltaic and photocatalytic performance with plasmonic photosensitizers.
1. Photovoltaic devices utilizing plasmonic
hot carriers
In nature, both photovoltaic devices and photocatalysis require
two common steps: light harvesting and charge separation. In most
cases of plasmonic solar cells, plasmonic metals are used as light
antennas for light scattering/trapping to improve photovoltaic performance by enhancing light harvest, whereas application of the
plasmonic hot carrier transfer mechanism is limited for the low
transfer efficiency.123,124 To utilize hot carriers effectively, at least
three factors need to be considered: (i) incident light can efficiently
excite hot carriers in the plasmonic metal nanostructure, (ii) plasmonic hot carriers are efficiently separated and extracted before
they are cooled to the equilibrium state, and (iii) recombination
including thermal relaxation and charge back transfer is suppressed
as far as possible. Meeting the three conditions cannot guarantee
a high energy transfer efficiency. The excited hot electrons suffer
fast relaxation at the timescale of hundreds of femtoseconds and
the interface barrier of the metal/semiconductor, resulting in only
a small percentage of hot electrons that can be effectively extracted
to the semiconductor.21,63,125 Therefore, it is essential to construct an

J. Chem. Phys. 152, 220901 (2020); doi: 10.1063/5.0005334
Published under license by AIP Publishing

appropriate interface to enable rapid charge separation and transfer.
A sandwich structure, electron transport material/plasmonic
metal/hole transport material, is a typical design for a plasmonic photovoltaic device. Generally, n-type semiconductors (e.g.,
TiO2 ) are used for hot electron collection and transport, while
p-type semiconductor or other hole transport materials such as
poly(N-vinylcarbazole) (PVK) are used for hot hole collection and
transport.
A Schottky junction consisting of the semiconductor and
plasmonic metal nanostructure is the start point for harvesting hot electrons. For example, Konstantatos et al. designed a
metal/insulator/semiconductor heterostructure [Fig. 12(a)]126 in
which the Ag nanostructure electrode can generate LSPR and the
1 nm thick Al2 O3 space layer can passivate the interface states. In
this photo-diode device, plasmonic hot electrons can enter TiO2
across the Au/Al2 O3 /TiO2 Schottky junction or through the Schottky emission, forming photocurrent [Fig. 12(b)]. This plasmonic
device has achieved an open-circuit voltage of 0.5 V, a fill-factor
of 0.5, and a power conversion efficiency of 0.03% when using the
nano-patterned Ag electrode. In addition, Mubeen et al. demonstrated a plasmonic photovoltaic device using the Au nanorod
array/TiO2 /Ti sandwich structure.127 An open-circuit voltage of 210
mV was achieved with this plasmonic photo-diode device at a 50 nm
thick TiO2 layer.
However, if only the Schottky junctions are utilized for separating charges that come from the plasmonic metal, the overall
solar energy conversion efficiency of photovoltaic devices is too
low. Therefore, the plasmonic hot electron injection process is used
to enhance the performance of conventional photovoltaic devices,
such as organic photovoltaics, Si solar cells, and dye-sensitized solar
cells (DSSCs). For example, Au nanoparticles were embedded at the
hole-conductor/semiconductor (spiro-OMeTAD/TiO2 ) interface in
a solar cell [Fig. 12(c)].128,129 The Au nanoparticle played multiple roles. One of the roles was that the Au nanoparticles served
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FIG. 12. Photovoltaic device utilizing
plasmonic hot electron injection.
(a) Schematic illustration of a
metal/insulator/semiconductor
heterostructures. (b) The operating
principle of the heterostructure in (a).
Adapted with permission from de Arquer
et al., ACS Nano 7, 3581 (2013). Copyright 2013, American Chemical Society.
(c) Solar cell with Au nanoparticles at
the TiO2 /spiro-OMeTAD interface. (d)
Role of Au nanoparticles in the device
in (c). Adapted with permission from
Reineck et al., J. Phys. Chem. Lett. 7,
4137 (2016). Copyright 2016, American
Chemical Society.

as photosensitizers [Fig. 12(d)] in which the plasmonic hot electrons were injected to TiO2 and hot holes were transferred to spiroOMeTAD (hole-conductor). The overall performance of the device
was improved when the Au particle size was reduced from 40 nm
to 5 nm, achieving a maximum absorbed photon-to-electron conversion efficiency (APCE) or an internal quantum efficiency (IQE)
of 13.3%. Recently, the plasmonic Ag@TiO2 @Pa (benzoic-acid–
fullerene bishell) sandwich nanoparticles were embedded in the
active layer in a solar cell in which plasmonic hot electrons were
extracted to the fullerene in the Pa, contributing to the photocurrent.130 The Pa outer-shell was important to extract the charge; otherwise, the charge carriers would be trapped inside the nanoparticles
without it. As a result, addition of plasmonic sandwich nanoparticles into the organic solar cell achieved a maximum power conversion efficiency of 13.0%, which enhanced the performance by 12.3%.
Moreover, Zhang et al. introduced the Au–TiO2 composite into an
organic photovoltaic device,131 which exhibited a notably enhanced
transient photogenerated voltage peak of 0.56 V under light irradiation at 600 nm because of the plasmonic hot electron injection into
TiO2 . The group of Xiong also integrated the Ag nanoplates into a Sibased solar cell, Si-poly(3,4-ethylene dioxythiophene)/poly(styrene
sulfonate) (PEDOT:PSS).132 Hot electrons were generated in the Ag
nanoplates at wavelengths of 550–1100 nm and transferred to the
CB of Si. As compared with pristine photovoltaic cells, the current density and power conversion efficiency were improved by
28% and 40%, respectively, after addition of the Ag nanoplates.
Plasmonic Au–TiO2 core–shell structured photoanodes (Au@TiO2 ,
SiO2 @TiO2 @Au, and SiO2 @Au@TiO2 ) have also been developed to
improve DSSCs performance.133,134
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2. Photocatalysts utilizing plasmonic hot carriers
With the excited hot carriers, a plasmonic metal can directly
photocatalyze a chemical reaction on the surface or serves as a photosensitizer with the semiconductor to improve the photocatalysis performance. Typically, in the direct photocatalysis by a plasmonic metal nanostructure (metal–adsorbate complexes), the direct
transfer pathway of hot carriers such as CID could be predominant [Figs. 2(b) and 3].11,34 In metal–adsorbate complexes, SPRmediated hot electrons can be injected into specific electronic states
of molecules adsorbed on the surface of plasmonic metals. Alternatively, the occupied electrons in the adsorbate could be injected
into the metal and recombine with the hot holes, i.e., the plasmonic hot holes may oxidize the adsorbate.91,135–138 The hot carrier injection induces various physicochemical processes such as
molecular dissociation, desorption, or chemical reactions.85,139 For
example, hot electrons can be injected from the Au nanoparticles
into the antibonding orbital (1σu ∗ ) of the adsorbed H2 molecule,
leading to H2 dissociation [Fig. 13(a)].85 Indeed, dissociation of
H2 molecules was observed by exposing the Au nanoparticles to
a mixture of H2 and D2 . The HD formation efficiency showed an
instantaneous sixfold improvement under the laser excitation of the
plasmon. The time-domain time-dependent density functional theory (TDDFT) and Ehrenfest dynamics simulations have also confirmed this process.140 However, this process was suppressed due
to sequential charge transfer when the H2 molecule was located
in the center of gap between the plasmonic metal dimer. Mukherjee,141 Landry142 and their co-workers prepared the Au nanoparticles and the Ag nanocubes for plasmonic activation of H2 splitting,
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FIG. 13. Proposed mechanisms for plasmon-modulated photochemical reactions. (a) Dissociation of H2 molecules on plasmonic Au nanoparticles. Adapted with permission
from Mukherjee et al., Nano Lett. 13, 240 (2013). Copyright 2012, American Chemical Society. (b) Photo-oxidation of benzyl alcohol molecules through hot carrier transfer.
Adapted with permission from Zhang et al., Chem. - Eur. J. 18, 8048 (2012). Copyright 2012, Wiley-VCH Verlag GmbH & Co. (c) Energy diagrams depicting hot hole-mediated
citrate oxidation. A 2.36 eV excitation resulted in the formation of hot holes in the Au d-bands, which allowed electron transfer from the citrate ion HOMO exergonically.
However, hot holes were generated via plasmon decay from a 1.65 eV excitation and efficiently transferred if their energetic level was overlapped with the citrate HOMO
level, leading to oxidation of the citrate ions. Adapted with permission from Schather et al., J. Phys. Chem. Lett. 8, 2060 (2017). Copyright 2017, American Chemical Society.

respectively. When the plasmonic materials were excited by light,
transient charge carriers were generated at the surface. The resulting
hot electrons were transferred to the adsorbed H2 molecules to drive
the dissociation of molecules.
It is interesting that plasmonic nanoparticles can catalyze polymerization.143,144 In this process, plasmonic hot electrons induced
the binding of an olefin monomer onto the Au nanoparticle surface and generated the radicals. The radical modulated the polymerization, leading to a polymer coating on the metal nanoparticle.
In situ polymerization on plasmonic nanostructures could open a
new avenue for patterning polymers on the nanoscale. Moreover,
environmental organic contaminants can be decomposed on plasmonic metal nanoparticles via hot carrier injection to organic compounds.11 Zhang et al.145 prepared Au nanoparticles on the zeolite
support for selective photo-oxidation of benzyl alcohol to aldehydes,
as shown in Fig. 13(b). The electronic polarization of the plasmonexcited Au nanoparticles was proposed to induce a high electronegativity for abstracting protons from the cleavage of C–H bonds in
benzyl alcohol molecules. In addition, plasmonic hot electrons on
Au nanoparticles were transferred to molecular oxygen to produce
activated superoxide radicals (O2 •− ), leading to decomposition of
benzyl alcohol molecules. In addition, plasmonic Au nanoparticles
showed photocatalytic activity toward the multi-electron and multiproton reduction of CO2 .146 The results show that plasmonic hot
electrons drove the formation of the C1 and C2 hydrocarbons on
the Au nanoparticle surface. Moreover, ionic liquids can stabilize
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the high-energy CO2 •− radical intermediates formed at the nanoparticle/solution interface and facilitate the hot electron transfer from
the Au nanoparticle to the adsorbed CO2 molecules.147 Recently,
increasing attention was paid to the photocatalytic oxidation of plasmonic hot holes.135–138 For example, Schlather et al. investigated
the hot hole-induced oxidation of citrate ions on the Au@SiO2 @Au
core–shell nanoparticle electrode [Fig. 13(c)].135 They found that
charge transfer to the adsorbed citrate was most efficient at high
photon energies. However, hot holes generated via plasmon decay
can also oxidize the citrate if their energetic level is overlapped with
the citrate HOMO level.
In the above-mentioned plasmonic metal/adsorbate systems,
plasmonic hot electrons are injected into the reactants and get
involved in a chemical reaction, where the plasmonic metals serve as
the active reaction sites. To extend the photocatalysis application of
plasmonic metals, metal/metal heterostructures have been designed
toward the selective catalysis of specific reactions. For example,
Zheng et al. designed a plasmonic Au/Pt heterojunction photocatalyst148 in which Pt nanoparticles were decorated on the two ends
of individual Au nanorods. Plasmonic hot electrons, which were
excited in the Au nanorods, were transferred to the Pt nanoparticles, driving water reduction to hydrogen. Meanwhile, hot holes
were extracted out of the Au nanorods to drive methanol oxidation.
The heterostructure facilitated the separation of electrons from holes
and improved surface catalysis for hydrogen evolution. In addition, Aslam et al. prepared the Ag@Pt core@shell (75 nm@1 nm)
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nanocube photocatalyst toward CO oxidation in the presence of
excessive H2 .149 The ultrathin Pt outer-shell reduced the light scattering and increased the light absorption in the Ag core, which
resulted in excitation of more hot electrons. Hot electrons were
transferred to the Pt where the active reaction sites were present.
Moreover, Halas et al. prepared the heterometallic antenna–reactor
complexes (Al nanocrystals decorated with multiple smaller Pd
or Ir islands, Cu–Ru surface alloy).150–152 In the Au–Pd complex,
the supralinear power dependence suggested that the hot carriers
induced H2 desorption at the Pd island surface under light illumination. When acetylene was present along with H2 , the production
selectivity for ethylene relative to ethane was strongly enhanced,
approaching 40:1.
In plasmonic metal–semiconductor heterostructures, plasmonic hot carriers transfer into the semiconductor through either
a direct or an indirect transfer pathway,11 where the semiconductor
serves as the active reaction site. A suitable band alignment between
the metal and the semiconductor can facilitate the extraction of plasmonic hot carriers and participation in the catalytic reaction on the
semiconductor surface. Nishijima et al. deposited a gold nanorod
pattern on the TiO2 film as the photoanode in a PEC56 in which
hot electrons were injected into TiO2 and hot holes were extracted
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to oxidize water molecules. The presence of an Au nanorod array
on TiO2 extended the light absorption range from the UV light to
the near-infrared light region, and the photocurrent was generated
in the spectral range up to 1200 nm. Primo et al.153 demonstrated
the enhanced photocatalytic oxygen generation by depositing Au
nanoparticles on ceria (CeO2 ). CeO2 is a wide bandgap semiconductor that cannot be excited by visible-light irradiation. However, the
oxygen evolution rate reached 10.5 mmol h−1 for the gold-supported
CeO2 particles under visible-light illumination. The visible-light
photocatalytic activity was attributed to the injection of hot electrons
from the Au photosensitizer into the CB of CeO2 . The holes from
the Au nanoparticles drove the water oxidation reaction to produce
oxygen gas. In addition, Chen and co-workers73 synthesized the gold
nanospheres on a ZnO nanorod array, which served as a photoanode in a PEC. The photocurrent under visible-light illumination was
ascribed to hot electron injection to ZnO from the gold nanospheres
[Fig. 14(a)]. The Fowler theory was utilized to evaluate the number of photoelectrons with enough energy to overcome the Schottky
barrier at the Au/ZnO interface. Figure 14(b) shows the photocurrent as a function of the wavelength of incident light, which partially
matched Fowler’s law. Nevertheless, the photocurrent diverged from
Fowler theory with the deviation, which was associated with LSPR.

FIG. 14. (a) Linear-sweep voltammogram of Au–ZnO nanorod array photoelectrodes in a 0.5M Na2 SO4 electrolyte. (b) The absorption spectrum and photocurrent action
spectrum of Au–ZnO nanorod array photoelectrodes, fitted to Fowler’s law. Adapted with permission from Chen et al., ACS Nano 6, 7362 (2012). Copyright 2012, American Chemical Society. (c) The light absorption spectra and the photocatalysis action spectrum of Ag@Cu2 O core–shell nanoparticles. Adapted with permission from Wu
et al., ACS Catal. 3, 47 (2013). Copyright 2014, American Chemical Society. (d) Structure and energy level diagram of the autonomous photosynthetic device. Adapted with
permission from Mubeen et al., Nat. Nanotechnol. 8, 247 (2013). Copyright 2013, Macmillan Publishers Limited.
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The results indicated that photocurrent was dominantly composed
of hot electron flow and enhanced by LSPR.
The mean-free path of hot electrons in a metal is approximately 20–30 nm.70 The previous studies also showed that rapid
charge recombination (<1 ns) occurred between the injected hot
electrons in the semiconductor and the holes in the plasmonic
metal in Au/TiO2. 50,52 Hence, it is important to mitigate trapping
and recombination of hot carriers in photocatalysts. In many cases,
plasmonic metals were synthesized with capping ligands, which act
as the electrical resistors for charge transfer. Recently, the ligandfree Au nanoparticles were coupled to TiO2 for photocatalytic dye
degradation and hydrogen evolution.154,155 Besides the plasmonic
metal surface, the distribution and architecture of plasmonic metal
nanoparticles and semiconductors in heterojunctions also need to
be considered in design. In a conventional heterojunction structure,
metal nanoparticles are randomly distributed in the crystal domains
of the semiconductor. The disordered crystal domains cause additional energy loss during the hot-electron transfer process. In contrast, Bian et al. synthesized a TiO2 superstructure with an ordered
configuration,61 which provided an efficient charge migration pathway, suppressing the charge recombination. Time-resolved diffuse
reflectance spectroscopy revealed that the time constant for electron
accumulation in the Au/meso-TiO2 system was 5.6 min, which was
much longer than the conventional counterparts. This was responsible for an improved photocatalytic activity toward organics degradation and hydrogen generation. In addition, Li et al. revealed that a
core@shell structure of plasmonic metal@semiconductor nanoparticles allowed for strong coupling between the plasmonic metal
core and the semiconductor shell.156 As compared to the Ag core
alone, the Ag@Cu2 O nanoparticles exhibited an extraordinarily
large red-shift in the LSPR band due to the high refractive index
of Cu2 O, and the LSPR band can be tuned sensitively by tailoring the Cu2 O shell thickness [Fig. 14(c)]. As a result, the optimized
Ag@Cu2 O composite nanoparticles showed a largely extended light
absorption spectral range as compared to Cu2 O alone. Indeed,
the light absorption spectral range of the Ag@Cu2 O core–shell
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nanoparticles covered the entire visible-light region. Owing to the
large intimate metal/semiconductor interfacial area, the Cu2 O shell
can effectively harness the plasmonic hot electrons from the Ag core
and strongly interact with Ag through near-field coupling.156 Therefore, the Ag@Cu2 O core–shell nanoparticles exhibited extraordinary
photocatalytic activity toward methyl orange decomposition under
visible-light radiation [Fig. 14(c)], which was comparable to that
under the UV-light illumination. It is worth noting that the plasmonic hot electron injection process does not occur alone in many
cases. It may function along with other plasmonic energy transfer
mechanisms such as PIRET to enhance the performance of materials
and devices.156
Use of co-catalysts is an additional route to help the hot carrier extraction and to suppress the charge recombination. Mubeen et
al.57 prepared an autonomous photocatalytic water splitting device
using the aligned gold nanorods as light antennas, capped with
a TiO2 layer to form a metal–semiconductor Schottky junction
[Fig. 14(d)]. The TiO2 cap was modified with platinum nanoparticles, which serves as the hydrogen evolution co-catalyst. The Au
nanorod surface was decorated with a cobalt-based oxygen evolution catalyst (Co-OEC). Under visible-light irradiation, plasmonic
hot electrons were injected from the Au nanorods to the TiO2 layer
and migrated to the Pt nanoparticles, driving the hydrogen evolution reaction. The hot holes in the Au nanorods were extracted to
the Co-OEC catalyst, oxidizing water to oxygen gas. To suppress hot
carrier recombination, another strategy has been developed to tailor
the surface properties of a photocatalyst by controlling the selective
exposure of different crystal facets.157,158 The different facets of the
photocatalyst showed varying catalytic performance due to the differences in the specific energy level of the facets. Accordingly, the
oxidation and reduction co-catalysts were decorated on the different specific facets of the semiconductor, respectively. For example,
Bai et al. specifically deposited the Ag and Pd nanoparticles on the
(001) and (110) facets of the BiOCl photocatalyst, respectively.158 In
this design, the Ag nanoparticles served as the plasmonic light antennas, while the Pd nanoparticles acted as the co-catalyst. The spatial

FIG. 15. (a) The suppression of peroxide yield in the oxygen reduction reaction via hot electron injection. Adapted
with permission from Lin et al., J. Am.
Chem. Soc. 139, 2224 (2017). Copyright
2017, American Chemical Society. [(b)
and (c)] Light excitation influences hydrocarbon product selectivity. Adapted with
permission from Yu et al., Nano Lett. 18,
2189 (2018). Copyright 2018, American
Chemical Society.
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distribution of metal nanoparticles on different facets improved the
charge separation.
Selectivity is an important issue in heterogeneous catalysis. It is
essential to fully control the reaction pathway, the product composition, and the chemical transformation yield. Hot carriers can be utilized to improve the selectivity of chemical reactions. The energy distribution of hot carriers can be tuned by the material, size, and shape
of plasmonic nanostructures.34–36,159,160 The tuned hot carriers can
be injected into the specific energetic level of the reactants, achieving
reaction selectivity. Boerigter et al. reported that the direct hot electron transfer process enabled selective chemical reactions through
tuning the energetic level of hot electrons.34,36 The oxygen reduction
reaction (ORR) generally involves a four-electron transfer process to
generate water. However, undesired by-products such as hydrogen
peroxide (H2 O2 ) could be produced via a two-electron transfer pathway. To suppress the side reaction, the Ag–Pt bimetallic nanocages
were prepared as the ORR catalysts [Fig. 15(a)].160 The hot electrons
transferred from Ag to Pt, which induced a higher electron population in the antibonding states of O2 adsorbates. The antibonding
electron population facilitated the breaking of the O–O bonds in the
O2 molecules and the production of desirable H2 O. Light intensity
can also tune the product selectivity.146 As shown in Fig. 15(b), hot
electrons were transferred from the Au nanoparticle to the adsorbed
CO2 , forming a radical ion intermediate, CO2 •− (or its hydrogenated
form), which was the rate-determining step (RDS) for C1 generation. After a cascade of hot electron- and proton-transfer steps, CH4
was achieved. However, under high-intensity of light illumination,
the hot electron transfer rate became large, and a multiple-electron
transfer process took place within the surface-adsorbed CO2 , which
activated two CO2 adsorbates simultaneously. The formed CO2 •−
intermediate pair can undergo C–C coupling. As a result, C2 H6 was
formed after a series of hot electron and proton transfer processes
[Fig. 15(c)].
IV. REMARKS AND OUTLOOK
Research on plasmonics has made great progress in the past two
decades. Discovery of new theories has advanced the fundamental
understanding of plasmon and hot carriers (Fig. 16). In particular,
TAS and XANES have made new discoveries or confirmed the theoretical predictions. Rapid development in synthesis and fabrication
techniques has resulted in the availability of systematically designed
plasmonic materials and devices, which has not only widened the
scope of applications of plasmon and hot carriers but also advanced
experimental discoveries.
The timescales for hot carrier generation, emission, and transfer are very short, leading to significant challenges for fundamental study and applications. Plasmonic hot carriers function at the
timescale of femtosecond to picosecond (<10 ps) before thermal
equilibration. In the aspect of application studies, the timescales for
chemical reactions are much longer (typically a few hundred femtoseconds or above) than the lifetime of the plasmonic hot carriers. It is very important to collect hot electrons timely or/and to
extend the lifetime of the hot carriers when designing plasmonic
nanostructures to enable hot carriers to participate in photochemical
reactions.
Indirect and direct hot electron transfer processes have been
utilized to design materials and devices. Besides these processes,
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FIG. 16. Schematic illustration of the plasmonic metal nanoparticle and the hot
carrier transfer.

surface catalysis, surface passivation, and heating effects may function together with plasmonic effects, which contribute to the
enhanced performance of materials and devices. This complicates
the separation of the role of plasmon from other effects during operation of materials and devices. As such, significant effort must be
made to separate these mechanisms or effects to fully understand
and utilize all these effects effectively. Indeed, several articles have
presented the specific methodologies in detail for identifying and
separating these mechanisms.11,15,161–163
In a plasmonic heterojunction, there are three main mechanisms of energy transfer from a plasmonic metallic nanostructure to a semiconductor or other materials,11 that is, light scattering/trapping, plasmon-induced resonance energy transfer (PIRET),
and hot carrier injection. It was observed from the experimental
results that the hot carrier injection mechanism showed a far lower
energy transfer efficiency than the other two processes. For photodetectors, chemical sensors, and bio-sensors, high signal output
such as photocurrent is not that demanding. Therefore, the application of plasmonic hot electrons in these devices is promising.
For plasmonic solar energy conversion devices, high photocurrent
and high energy conversion efficiency are critical to commercialization of these devices. In the direct hot electron transfer pathway, the theoretical maximum efficiency is predicted to be as high
as 50%. In the indirect hot electron transfer pathway, the theoretical maximum transfer efficiency is predicted to be 8%. However, in the experiments performed so far, the achieved efficiency
is much lower than the theoretical maximum in both cases. Plasmonic hot electrons can be generated abundantly. However, it still
remains a significant challenge in effectively harnessing plasmonic
hot electrons for solar energy conversion. Theoretical understanding of plasmonic hot electron transfer, structure design, material
synthesis, and interface engineering is necessary to improve the
energy transfer efficiency and finally meet the demand of practical
applications.
Compared with the research on plasmonic hot electrons, the
studies on hot holes are limited. In reality, hot holes are equally as
important as hot electrons. Few studies have shown the considerable effects of the hot hole.18,164,165 Hot holes can be extracted out
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and involved into photoelectrochemical processes.16,91,135–138 It is
interesting that plasmonic hot holes can be extracted to either an ntype semiconductor or a p-type semiconductor. After plasmonic hot
holes are extracted to an n-type semiconductor, they can drive an
oxidation reaction. After plasmonic hot holes are transferred to a ptype semiconductor, they can increase the open voltage and stabilize
holes.137 To identify the roles of hot holes and the associated mechanisms, the methods used for hot electrons can be applied to hot
holes under scrutiny. More details on the applications of plasmonic
hot holes can be seen in a recent review article by Tatsuma.137
Currently, the main plasmonic materials are gold and silver,
which are expensive. It is necessary to develop inexpensive plasmonic materials through fundamental study and improved fabrication technology. Copper nanostructures and heavily doped semiconductors are promising candidates. Recent research has revealed that
the copper nanocubes have a strong and narrow LSPR absorption
band.166,167 In addition, if a semiconductor is heavily doped, especially with oxygen vacancies, the free charge carrier concentration
may increase to even higher than 1021 cm−3 . The doped semiconductor will then manifest SPR under visible-light or infrared-light
excitation.168–170 Plasmonic semiconductors can generate hot carriers by themselves. Probably, it can produce higher energy transfer
efficiency in the plasmonic semiconductor–regular semiconductor
heterojunctions because there may be less energy loss via the indirect transfer pathway across the interface or via the direct transfer
pathway with easier orbital hybridization. Recently, plasmonic semiconductors have triggered intensive interests. Plasmonic semiconductor nanostructures based on Cu2−x S, WO3−x , and MoO3−x have
been used for SERS, photocatalysis, and water splitting. However,
fundamental research, device design, and fabrication of plasmonic
semiconductors are just emerging.
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